One concern over growing herbicide-tolerant crops is that herbicide-tolerance genes may be transferred into the weeds they are designed to control. Brassica napus (oilseed rape) has a number of wild relatives that cause weed problems and the most widespread of these is Sinapis arvensis (charlock). Sinapis arvensis seed was collected from 102 populations across the UK, within and outside B. napus -growing areas. These populations were tested for sexual compatibility with B. napus and it was found that none of them hybridized readily in the glasshouse. In contrast to previous studies, we have found that hybrids can be formed naturally with S. arvensis as the maternal parent. Six diverse B. napus cultivars (Capricorn, Drakkar, Falcon, Galaxy, Hobson and Regent) were tested for their compatibility with S. arvensis but no cultivar hybridized readily in the glasshouse. We were unable to detect gene transfer from B. napus to S. arvensis in the field, confirming the extremely low probability of hybridization predicted from the glasshouse work.
Introduction
Herbicide-tolerant oilseed rape ( Brassica napus ) was one of the first genetically modified (GM) crops available for commercial release. One concern is that these crops could transfer herbicide-tolerance genes to wild relatives, potentially creating weed problems that would have consequences for the management (Darmency 1996) and economics (Mayer & Furtan 1999 ) of these crops. This also applies to non-GM herbicide-tolerant crops and in both instances the likelihood of creating resistant weeds needs to be assessed. Raybould & Gray (1993) reviewed the possibility of hybridization between a number of UK crops, including oilseed rape, and their wild relatives. The review was based on the information available at that time and it concluded that Sinapis arvensis (charlock) and B. napus were sexually incompatible.
Early studies of this cross used only small numbers of natural pollinations (up to 1199) or artificial techniques such as embryo rescue (Kerlan et al . 1992 (Kerlan et al . , 1993 Bing et al . 1995) . More recently Bing et al . (1996) , Chevre et al . (1996) and Lefol et al . (1996) screened many thousands of seeds from each species and found that hybrids could form naturally but only if B. napus was the maternal parent. The chances of this occurring were predicted to be extremely low. However, S. arvensis is a far more widespread species than any other relative of B. napus in the UK and its distribution overlaps all of the areas where B. napus is grown. This means that these species frequently come into contact, which will increase the opportunities for hybridization. Despite the very large number of S. arvensis populations worldwide, only a small number of these have been tested for their sexual compatibility with B. napus .
Before the introduction of selective herbicides, S. arvensis was a serious weed of Brassica crops, and herbicides are still vital in its control (Edwards 1980; Rich 1991) . If herbicidetolerant oilseed rape is to be grown in the UK the possibility of this trait being transferred to S. arvensis needs serious consideration.
This project was designed to assess the likelihood of hybridization between S. arvensis and the oilseed B. napus leading to introgression of herbicide-tolerance genes into wild S. arvensis populations. A risk assessment needs to consider the worst-case scenario, therefore we looked for S. arvensis populations and oilseed B. napus cultivars which would hybridize most readily to test in the field.
Plant material. Two plants were grown from seed collected from each of 102 S. arvensis populations and five plants from the French S. arvensis seed. The B. napus cultivar used as the pollinator was a genetically modified Westar 10 line. The construct used to modify the line contained two genes, one for antibiotic (kanamycin) resistance ( nptII ) and one for herbicide (glufosinate ammonia) tolerance ( bar ), both driven by the 35S promoter and terminated by the octopine synthase terminator (Al-Kaff et al . 2000) . The line was hemizygous for the transgenic contruct.
Pollinations. At least 30 emasculated buds were hand pollinated with B. napus pollen, for each S. arvensis plant. The reciprocal cross was performed using pollen from each S. arvensis plant to hand pollinate at least 20 emasculated B. napus buds Hybrid identification. All of the seed obtained was sown. All of the resulting plants were screened for the presence of the transgenes, nptII and bar , using the polymerase chain reaction (PCR) and for bar activity using the bar colour assay (D'Halluin et al . 1992) . The PCR reaction used 0.5 µ L Taq (Roche), 5 µ L buffer (Roche), 2 µ L 2 m m dNTPs (Amersham Pharmacia Biotech Inc.), 10 pmol each primer ( nptII A, GAG GCT ATT CGG CTA TGA CTG G, nptII B, ATG CCA TAG CGG CGA GGG CTA; bar F, CAT CGT CAA CCA CTA CAT CG, bar R, CAC GAC CAC GCT CTT GAA GC) and 3 µ L DNA in a 50-µ L volume, the conditions were 94 ° C for 1 min, [94 ° C for 1 min, 60 ° C for 1 min, and 72 ° C for 2 min] 35 times, and 10 min for 72 ° C. The bar colour assay was performed by placing 5-mm leaf discs in microtitre plates on liquid MS medium containing 3% sucrose (BDH), 20 mg/L phosphinotricin (Duchefa), 50 mg/L chlorophenol red (Sigma), 25 mg/L nystatin (Duchefa), 500 mg/L carbenicillin (Duchefa). The plates were sealed and placed at 30 ° C for 16 h. A yellow colour, as opposed to purple, indicated tolerance of the herbicide.
The plants were also screened by probing Southern blots with random frequency length polymorphism (RFLP) markers CVB and pw141 (Campos de Quiroz & Mithen 1996) and by observing their morphology. Leaf length and width, flowering time, petal length and width, sepal angle and number of stem hairs (per 1 cm 2 at 3 cm from base at the five-leaf stage) were all measured as each plant flowered. Distinct morphological classes (auricles clasping the stem, pod veins parallel or not, seeds in the beak) were also recorded.
Comparing sexual compatibility with S. arvensis of different B. napus cultivars Plant material. Six B. napus cultivars were selected on the basis of their diverse backgrounds and six S. arvensis populations were selected on the basis of the previous experiment and their diverse locations (Table 1) .
Pollinations. The pollinations were carried out in two batches (Tables 2 and 3 ) and a total of at least 5400 buds of each cultivar were hand pollinated with S. arvensis pollen. Regent seed was of poor quality, giving only two plants, so 899 pollinations were performed on this cultivar.
Hybrid identification. All of the resulting seed was weighed individually, soaked in 1 g/L gibberelic acid to overcome dormancy and sown in randomized batches of 200 seeds together with controls for each cultivar and population. The established plants were screened by flow cytometry and the results were used to estimate chromosome number (Eber et al . 1997) . Fresh leaves were sealed in plastic bags with moist filter paper and sent to Plant Cytometry Services (Schijndel, the Netherlands).
The flow cytometry analysis is described in Wilkinson et al . (2000) . A subsample of 400 plants was screened using six sets of Randomly Amplified Polymorphic DNA (RAPD) markers (primers 2, 6, 7, 10, 16 and 20 from kit W, Operon Technologies Inc., Alameda, CA), by hand pollinating emasculated buds with both parental species, by allowing the potential hybrids to self naturally and by measuring their morphological features (as above). The RAPD analysis followed the PCR recommendations of the manufacturer but with the addition of 6% dimethylsulphoxide to the reaction mix. The purpose of screening a subsample by a variety of methods was twofold. Firstly, we wanted to confirm that all potential hybrids were being detected by flow cytometry, particularly as tetraploid hybrids would not be detected. However, such hybrids have not been found in previous studies and have not been detected here. Secondly, we wanted to compare different methods of hybrid identification in order to select the easiest, reliable method for screening large numbers of seed from field trials (see below). We were particularly interested in seed size, which has been used as an indicator of hybrid status in previous studies. All of the screening methods were applied to any plants that were identified as putative hybrids by flow cytometry.
Characterization of hybrids
Male fertility. Racemes were bagged before the flowers opened, flowers were picked at anthesis and an anther was dipped into 25 µ L acetocarmine (Sigma) with 10% Triton (Sigma), on a Mod-Fuchs Rosenthal haemocytometer (Weber Scientific Ltd). The number of viable pollen grains (stained red) was counted using a microscope. At the same time, this procedure was also used on control plants of the same age, growing in the same situation as each hybrid. This was repeated at least five times.
Pollen from each hybrid was used to hand pollinate both parental species and all other hybrids.
Female fertility. Emasculated buds of each hybrid were hand pollinated with each parental species, all other hybrids and its own pollen. They were also bagged and allowed to self on their own. Once the pods were ripe they were harvested and the seed was counted.
All plants resulting from the backcrosses and selfs of hybrids were analysed by flow cytometry and their chromosome number was estimated (as above).
Field trials
The field trial was set up in a field at Church Farm, Bawburgh, Norfolk. The field was sown with B. napus cultivar Apex. Within the field there was a 33 × 24 m plot containing blocks of different B. napus cultivars and a cage containing unrelated crop species and volunteer B. napus . Seed from S. arvensis populations 67 and 102 was sown in the glasshouse at regular intervals. On the 26 April 2000, when the B. napus in the field started to flower, 15 S. arvensis plants, which had also started to flower, were selected from each population. These plants were randomized and 10 were planted between a hedge and the crop at approximately 5-m intervals (plants He1-10). Ten plants were put out amongst B. napus cultivars/lines, dk4040 (plants Fdk1-4), Falcon (plants Ffa1-3), and Apex (plants Fap1-3). Both sites were typical locations for S. arvensis and in fact S. arvensis plants emerged during the trial. The final 10 plants were planted in the cage, which offered protection from birds and large grazers (plants Ca1-10). On 3 July 2000, approximately 4 weeks after the majority of B. napus had finished flowering, all of the pods from each S. arvensis plant were harvested by hand. Pods from four of the naturally occurring S. arvensis plants were also harvested.
Hybrid identification
The seed was threshed and sieved to give seed of < 1 mm, < 1.7 mm, < 2.4 mm and > 2.4 mm in diameter. The seed was soaked in 1 g/L gibberelic acid and sown. The established seedlings were screened using flow cytometry (as above). Any plants with unexpected chromosome numbers or morphology were screened with the RAPD markers (as above). 
Results

Sinapis arvensis collection
Populations of S. arvensis were found at 106 locations around Great Britain and 102 of these gave viable seed (Fig. 1) .
Comparing sexual compatibility with Brassica napus of different S. arvensis populations
No hybrids were found for the cross with S. arvensis as the maternal parent, for any of the S. arvensis populations. One hybrid (W × 67B) was obtained from the reciprocal cross. The pollen in this cross came from S. arvensis population 67 (Humberside). When the number of hybrids obtained was compared to the number of plants obtained in control crosses, one hybrid in 4280 pollinations corresponded to 0.014% of the potential seed output of Westar 10. The hybrid's identity was confirmed by RFLP markers pw141 and CVB (Figs 2 and 3) . It contained both of the transgenes (detected by PCR) and the bar colour assay indicated that the herbicide-tolerance transgene ( bar ) was functioning normally in the hybrid's genetic background. Flow cytometry indicated that the hybrid had the expected triploid chromosome number of 28.
The hybrid differed from the parents in morphology. For most quantitative characters it was intermediate between the parent species. The hybrid had small auricles that did not clasp the stem, no prominent veins on the pods and an occasional seed in the beak.
Comparing sexual compatibility with S. arvensis of different B. napus cultivars
Three putative hybrids were obtained when different B. napus cultivars were used as the maternal parents and this translated to 0.0012% of the total potential seed output, calculated from the control crosses (Table 4) . No single cultivar produced enough putative hybrids to show any significant difference between cultivars.
One of the putative hybrids (539) had an estimated triploid chromosome number of about 28 and two putative hybrids (253 and 464) had an estimated hexaploid chromosome number of about 56. The putative triploid hybrid had intermediate morphology and showed RAPD markers from both parents (Fig. 4) , confirming its hybrid status. The hexaploid putative hybrids looked most like B. napus but had large petals and showed the molecular RAPD patterns for B. napus (Figs 4 and 5) . The evidence suggests that these plants with high chromosome numbers were probably not true hybrids and may have been B. napus × B. napus plants with one parent having nonreduced gametes. These would give a chromosome number of 57 and would not be readily distinguishable from a hexaploid hybrid with 56 chromosomes by using flow cytometry. When S. arvensis was pollinated with B. napus pollen, one putative hybrid was formed (Table 5) . It had an estimated chromosome number of 28, intermediate morphology (Fig. 5) and RAPD markers from both parents (Fig. 4) confirming its hybrid status. This one hybrid translates to 0.015% of the potential seed output, calculated from the control crosses.
All of these triploid hybrids came from seed that was at the lowest limits of seed weight for their maternal parent. They were all identified by flow cytometry and confirmed with molecular and morphological techniques. Apart from the two hexaploid plants described above, all of the nonhybrid plants had the chromosome number of their maternal parent with one exception. Plant 1339, from a B. napus mother plant, had an estimated chromosome number of 19 and appeared to be a haploid plant. The results from the subset of potential hybrids that were analysed in greater detail agreed with those of the flow cytometry analysis.
Characterization of hybrids
The triploid hybrid with S. arvensis as the maternal parent produced no viable pollen at all and the other triploid hybrids with B. napus as the maternal parent had low Control plants were half sibs of each putative hybrid, originating from the same maternal parent but with a same-species paternal parent, and grown alongside the putative hybrids. *Indicates that the pollen number is significantly different to the control (t-test, P < 0.05). +Indicates a putative hybrid.
pollen counts whereas the two hexaploid plants were not significantly different to the controls (Table 6 ). The hybrid with S. arvensis as the maternal parent produced no seed and those with B. napus as maternal parent had low seed counts (Table 7) . The hexaploid plants produced more seed but this quantity was still lower than that in the controls (Table 7) . The progeny from the backcrosses, and selfs had variable chromosome numbers (Fig. 6) . 
Field trial
Discussion
We have found that by using hand pollination, but without the aid of artificial techniques such as embryo rescue or ovule culture, hybrids can be obtained between Brassica napus and Sinapis arvensis when B. napus is the maternal parent. They were obtained at very low rates, from undetectable to 0.0049% of the total seed potential, for the cultivars we tested. However, the actual numbers were so low that we cannot use them to detect betweencultivar differences. We can state that rates were always extremely low regardless of B. napus cultivar or S. arvensis population.
The confirmed hybrids were estimated by flow cytometry to have the expected chromosome number of 28. These results agree with those of Chevre et al. (1996) who obtained hybrids through hand pollination at a rate of 3.7 hybrids per 100 flowers pollinated. They obtained hybrids in the field using male sterile rape at a rate of 0.18 hybrids per 100 flowers. All of these plants had a chromosome number of 28 and had B. napus as the maternal parent. Lefol et al. (1996) also obtained hybrids from field grown male sterile rape at a rate of 6 per 50 000 seeds.
However, the concern is that genes (particularly transgenes) can escape from B. napus into S. arvensis. Therefore, the cross of most importance is the one where S. arvensis is the maternal parent. No such hybrid has ever been reported without the aid of embryo rescue or ovule culture before this study (Inomata 1988; Kerlan et al. 1992; Bing et al. 1995 Bing et al. , 1996 Chevre et al. 1996; Lefol et al. 1996) .
We have obtained one hybrid with S. arvensis as the maternal parent after 1127 pollinations. This would give a rate of 0.0015% of the potential seed output but this is only based on one hybrid plant. In the first experiment we obtained no hybrids after 6420 pollinations (37 742 potential seed) and this together with the studies mentioned above implies that the rate of formation is in fact very much lower. The lack of higher numbers of hybrids means that we cannot comment on whether any of the S. arvensis populations hybridize more than others. However, we can say that of the 102 populations screened, none of them hybridized readily with B. napus.
The first two experiments involved hand pollination of emasculated buds and the buds were covered after pollination. Both of these factors would have acted to maximize the chances of obtaining hybrids and therefore the rates of hybridization are an overestimate. When B. napus is the maternal parent, self pollination will reduce the number of ovaries available for fertilization by pollen from neighbouring plants. The distance between plants will have a large impact on how much pollen is transferred from one plant to another and not all stigmas will receive pollen from the other species. In the field situation, compatible pollen from the same species, as well as from other species, will land on the flower. This may result in competition between same-species and cross-species pollen and, following fertilization, developing nonhybrid and hybrid seed may compete for resources. This has been shown to reduce the rate of hybrid formation in B. napus/B. rapa (Hauser et al. 1997) and Raphanus raphanistrum/S. arvensis (Eber et al. 1998) . The hybridization rate may also be inaccurate if the act of physically removing the anthers stimulates the plant to behave differently. Lastly, physical and biotic conditions in the glasshouse are not identical to those in the field and this may influence the rate of hybrid formation.
The field experiment was designed to address these issues and give a more realistic estimate of how likely/ unlikely hybrid formation is. From 26 S. arvensis individuals flowering amongst various B. napus cultivars, over 16 000 seeds were obtained. Almost 10 000 plants were established from this seed and none of these plants was a hybrid. This result confirms the very low probablility of obtaining hybrid plants in the field predicted by our first two experiments. Lefol et al. (1996) screened 3.8 million seeds from field-grown S. arvensis and found no hybrids.
Hybrid-seed formation is only the first step towards introgression of a gene from B. napus into wild populations of S. arvensis. In the case of seed produced on B. napus, it must escape the harvest before there can be any possibility of involvement in introgression. In the field, the seedbank and seedling stages are where many losses occur. S. arvensis is adapted to growing in a habitat that is regularly disturbed where, for example, its seed dormancy mechanism is very important (Rees & Long 1992) . The addition of a large number of B. napus genes to the S. arvensis genome may act to reduce the chance a hybrid plant has of surviving to maturity in the habitat to which S. arvensis is adapted. Once the hybrid has established as a mature plant it must either backcross to S. arvensis to allow introgression or self to maintain a population of hybrids.
Pollen fertility was always low or zero for the triploid hybrids. Female fertility was correlated with male fertility.
